OBJECTIVE To determine whether the longitudinal course of PD in patients with the LRRK2 mutation differs from the longitudinal course of PD in patients without the mutation.
D isease-modifying agents for leucine-rich repeat kinase 2 (LRRK2 [OMIM 609007]) are being developed, and clinical trials for patients with Parkinson disease (PD) who carry the LRRK2 mutation are on the horizon. 1 As personalized genomic medicine gains traction in PD, understanding differences in the clinical course of genetic forms of parkinsonism may also aid clinicians in symptomatic treatment and counseling. 2 Thus, there is a need to characterize progression markers of LRRK2-associated PD, specifically to evaluate the most frequent LRRK2 mutations. Whether and how the motor progression of LRRK2-associated PD differs from that of idiopathic PD (IPD) is debated [3] [4] [5] and may differ among LRRK2 genotypes. A crosssectional study supports the premise that LRRK2 G2019S mutation PD among patients of Ashkenazi Jewish descent is milder and may progress more slowly compared with IPD. 4 Most reports on patients with PD who carry the LRRK2 G2019S mutation are limited in assessing progression differences because they are cross-sectional or retrospective, 3, 4 and data on the rate of progression in these patients compared with those who do not have the mutation are varied. [5] [6] [7] We report the longitudinal follow-up assessment of a large cohort of patients with PD, with or without the LRRK2 G2019S mutation, followed up prospectively for up to 5 years.
Methods

Study Design and the Ashkenazi Jewish Cohort With the LRRK2 Mutation
This prospective comprehensive assessment of a large cohort of patients with LRRK2-associated PD or IPD was conducted from July 21, 2009 , to September 30, 2016 . Participants were recruited from 3 LRRK2 Ashkenazi Jewish Consortium sites (Tel Aviv Medical Center, Tel Aviv, Israel; Columbia University Medical Center, New York, New York; or Mount Sinai Beth Israel, New York, New York), and ethical approval was obtained from the Tel Aviv Medical Center Ethical Committee, Columbia University Medical Center Institutional Review Board, and Mount Sinai Beth Israel Institutional Review Board. All participants provided written informed consent prior to participating in this study. Participants included individuals previously ascertained for studies of LRRK2 and newly ascertained individuals who either answered an advertisement for the study or learned about it from their physicians. Newly ascertained individuals initially agreed to a short screening visit. As planned under the study protocol, all of the individuals with the LRRK2 G2019S mutation, as well as a subset of those with newly ascertained PD without LRRK2 mutations, were subsequently invited to participate in in-depth yearly follow-up visits. All previously ascertained individuals (those cases with the LRRK2 G2019S mutation and those cases without it) were asked to undergo in-depth yearly visits. Baseline data in the subgroups were previously reported. 4, 8, 9 Participants and Visit Methods All participants were screened for the LRRK2 G2019S mutation and for the common glucocerebrosidase 1 (GBA1 [OMIM 606463]) mutations among those of Ashkenazi Jewish descent, as previously reported.
10,11 Individuals with the GBA1 mutation, including those who also carried the LRRK2 G2019S mutation, were excluded from the analyses. 15 Because a comprehensive neuropsychological battery was performed only in a subset of individuals and visits, it is not reported here. Visits occurred in the practically defined "on" state, and reviewers were blinded to individuals' carrier status. Participants who had undergone deep brain stimulation were excluded from analysis; if there was incident deep brain stimulation, the last visit without this procedure was included as the final study visit.
Statistical Analysis
The main analysis included all participants who had at least 1 study visit with complete UPDRS III motor features assessed. This approach avoided potential bias in the estimation of model parameters that might have occurred if the analysis were limited only to those with at least 2 visits. 16 The primary outcomes of interest were longitudinal change in motor scores (UPDRS III) and change in cognition (MoCA). In subanalyses, the UPDRS III was divided into total rest tremor score (UPDRS items 20 a-e), rigidity (items 22 a-e), bradykinesia (items 23-26 and item 31), and posture, gait, and balance items (items [27] [28] [29] [30] . Total UPDRS, UPDRS I, and UPDRS II scores were also evaluated. Linear mixed-effects models 17 were used to compare the rate of change in these motor scores between patients with PD who were carriers of the LRRK2 G2019S mutation and those who did not carry the mutation. Disease duration was used as the time scale because of its strong association with UPDRS score and cognition. The participant-specific random effect was used to account for correlations among repeated measurements from the same participant. The linear mixed-effect models take into account the correlations among repeated measurements within the same participant and can accommodate unbalanced data resulting from missing data points, unequal numbers of follow-up visits due to dropouts, and staggered time of first visit (as well as unequal intervals among visits), and these models are commonly used to determine the trajectory of the longitudinal markers. Known and potential confounders, including age at baseline, duration of disease at baseline, sex, levodopaequivalent dose, 18 and study site, were adjusted. In UDPRS subanalyses except UPDRS I, MoCA scores were also included as a covariate for cognitive impairment. [19] [20] [21] Similar to the motor assessments, linear mixed-effects models 17 were used to compare the rate of change in cognition scores (MoCA) between patients with PD who were carriers of the LRRK2 G2019S mutation and those who did not carry the mutation, and these models were adjusted for known and potential confounders, including age at baseline, duration of disease at baseline, sex, levodopa-equivalent dose, 18 and study site.
As secondary analyses, sensitivity analyses were performed for UDPRS III and MoCA, including only individuals who had 2 or more visits (eTable and eFigures 1 and 2 in the Supplement). In addition, linear mixed-effect models were used to assess change in Hoehn and Yahr stage, and time-to-event analyses were performed using left-truncated Cox proportional hazards regression models. 22 These models included the development of Hoehn and Yahr stage III; the onset of freezing when walking, which was defined as change in UPDRS II item 14 score from a baseline of 0 to the development of a score of 1 or greater; and the onset of falls unrelated to freezing, which was defined as a change in UPDRS II item 14 score from 0 or 1 to 2 or greater. Covariates included age at baseline, sex, and study site. P < .05 was considered significant.
Results
A total of 576 participants were identified as having available data. Of these, 545 who did not receive deep brain stimulation at the time of their baseline visit were included in the main analysis (151 participants at Mount Sinai Beth Israel; 128 participants at Columbia University Medical Center; and 266 participant at the Tel Aviv Medical Center), and 144 of these 545 participants (26.4%) carried the LRRK2 G2019S mutation. The demographic and clinical characteristics for carriers and noncarriers are presented in Table 1 . A total of 179 patients had follow-up visits (97 noncarriers and 82 carriers), with a median of 3 follow-up visits per participant (range, 2-5 visits). Twenty-four patients with PD who carried the LRRK2 mutation and 33 patients with IPD had 2 years of follow-up, 27 patients with PD who carried the LRRK2 mutation and 36 patients with IPD had 3 years of follow-up, 24 patients with PD who carried the LRRK2 mutation and 20 patients with IPD had 4 years of follow-up, and 7 patients with PD who carried the LRRK2 mutation and 8 patients with IPD had 5 years of follow-up. There was no difference between individuals carrying the LRRK2 G2019S mutation and those not carrying the mutation in age at onset of PD or frequency of falling unrelated to freezing. Site differences are similar to those previously reported. 4 Linear mixed-effects models examined the association of LRRK2 mutation status with the rate of change in UPDRS III score, adjusting for baseline age, sex, site, duration of disease at baseline, MoCA score, and levodopa-equivalent dose ( Table 2) . Male sex (β = 3.55; 95% CI, 1.85-5.25; P < .001), older age (β = 0.21; 95% CI, 0.12-0.30; P < .001), and MoCA score (β = −0.48; 95% CI, −0.67 to −0.30; P < .001) at baseline were associated with a higher UPDRS III score. (Figure 1) . In an additional model that included baseline PIGD score, the rate of UPDRS III change per year remained significant between groups. We included in the analysis individuals who did not return for follow-up visits, together with those with more than 1 visit, because this method was the statistically least biased. However, we also performed sensitivity analyses, including only individuals who had 2 or more visits (n = 179). In this subset, individuals carrying the LRRK2 mutation also had a slower decrease in motor UPDRS scores (eTable in the Supplement), and the magnitude of the effects was similar to that in the overall group. In subanalyses evaluating differences in change in motor domains, the estimate (SE) of the rate of change in rigidity score per year among individuals carrying the LRRK2 mutation Linear mixed-effects models examined the association of LRRK2 mutation status with the rate of change in MoCA, adjusting for baseline age, sex, site, duration of disease at baseline, and levodopa-equivalent dose ( Table 3 and Figure 2 ). 
Discussion
Although a milder progression in motor symptoms in individuals with PD who carry the LRRK2 G2019S mutation has been posited in cross-sectional studies, 3,4 the present study is the first, to our knowledge, to demonstrate this milder progression using prospective analysis. The slower progression estimates could inform clinical trial design for emerging LRRK2-targeted agents. Although the difference between PD with the LRRK2 mutation and IPD was modest, more precise estimates of progression could improve power at the same sample size. Furthermore, in a study with IPD and LRRK2-associated PD, the association might be magnified if patients with LRRK2-associated PD were not randomized by group, and if a disproportionate group was in the control arm rather than the treatment arm. A therapeutic effect would thus be underestimated. We expand on prior longitudinal studies of PD associated with LRRK2 G2019S in that data on visits were systematically and prospectively collected from a large multicenter cohort across 3 sites and 2 continents, and the patients were followed up for up to 5 years. Our rate of change in the UPDRS for patients with IPD is within the range of that seen in other studies, which reported a progression on the UPDRS III motor score ranging from approximately 0.7 to 2.7 points per year. [23] [24] [25] Our overall motor finding also contrasts with that in a smaller prospective longitudinal study focused on the change in UPDRS score. 6 In a
Tunisian cohort of patients with PD, patients with PD who carry the LRRK2 G2019S mutation were compared with patients with 
LRRK2-associated PD
Longitudinal trajectories of mean UPDRS III scores show slower progression for patients with PD who carry the LRRK2 mutation than for patients with IPD. This included individuals sampled at different time points in the course of the disease. Individuals were followed up between 0 and 6 follow-up visits. Thus, no individual was followed up for the full duration described on the x-axis. The graphs demonstrate the mean UDPRS III score change in the IPD and LRRK2 PD groups with covariates fixed at the following values: baseline age = 67 years, baseline disease duration = 0 years, Montreal Cognitive Assessment score = 25, levodopa-equivalent dose = 457 mg levodopa, sex = female, and site = Tel Aviv. Trajectories are adjusted for the covariates described in Table 2 . Spaghetti plots demonstrating the change for individual participants are shown in eFigure 5 in the Supplement.
genetically undetermined PD. Baseline and 6-year time points were compared, and there was no difference between groups. 6 However, this analysis may have been affected by survival bias for individuals who were able to return for a year 6 visit (58 of 147 individuals with LRRK2-associated PD and 54 of 267 individuals with IPD). Furthermore, sampling limited to 2 time points precludes the use of the linear mixed-effects models used herein and by others. 7 Both higher-penetrance causative mutations and lowerpenetrance risk variants have been identified in LRRK2.
26-28
Our findings also diverge from the other prospective longitudinal study of LRRK2 that similarly used a random intercept linear mixed-effects model but focused on different LRRK2 genotypes-G2385R, R1628P, and S1647T risk variant PD. 7 In that cohort, there was more rapid progression of disease with these LRRK2 genotypes than of IPD, 7 a finding that is consistent with cross-sectional data supporting a worse clinical course for patients with PD who carry the LRRK2 G2385R mutation. 29 Our methods differed in that the follow-up by Oosterveld et al 7 was longer (approximately 6 years) and because we included all baseline visits in our mixed-effects model. However, our findings of a slower decrease in motor UPDRS score remained consistent even in sensitivity analyses that included only individuals who had 2 or more visits. Therefore, we believe that methodological differences could not explain the discrepant findings and that these are more likely attributable to genotype. In contrast to risk-variant LRRK2 studies, cross-sectional and longitudinal studies of patients with PD who carry the LRRK2 R1441G mutation show similar penetrance and clinical features to those found in patients with PD who carry the LRRK2 G2019S mutation. 30 Longitudinal studies of carriers of the LRRK2 R1441G mutation will help better discern whether their clinical course differs from that of patients with IPD or that of patients with PD who carry the LRRK2 G2019S mutation. Although we did not find a significant difference in the change in MoCA score, the direction of change is in support of a better cognitive course in individuals carrying the LRRK2 mutation. Analysis of a more sensitive cognitive battery in a subset of participants will be reported separately.
Our study did show a potentially provocative finding with regard to patients with PD who carry the LRRK2 mutationnamely, slower progression of disease in the setting of a higher frequency of classification as PIGD. This slower progression includes a slower decrease in total UPDRS, UPDRS I, and UPDRS III and posture, gait, and balance scores. Moreover, the difference in the change in UPDRS score remained significant in models adjusting for PIGD. Contrary to the prevailing idea that PIGD correlates with rapid decline, the co-occurrence of PIGD and less rapid decline in the LRRK2 group suggests that the PIGD vs tremor-dominant dichotomy may have more limited application in this setting. Although patients with tremordominant PD with more benign outcomes (and less levodopa sensitivity) may be detected in the classification scheme, it is insensitive to the heterogeneity of PIGD, and criticisms about the schema are widely raised. 31, 32 This heterogeneity may be especially applicable for LRRK2 G2019S, where variable, chronic, and slow pathologic changes may be at play, as well as compensatory mechanisms, as suggested by functional imaging and sensitive measurements of gait in carriers of the LRRK2 G2019S mutation without PD. 33, 34 Although, overall, PD may progress more slowly in patients who carry the LRRK2 G2019S mutation than in patients with IPD, there is heterogeneity in the pathologic findings of PD 35, 36 and even in LRRK2 G2019S PD. 37 Some cases of LRRK2 G2019S PD demonstrate only isolated nigral degeneration without associated Lewy body deposition, 38 and olfactory data suggest that there may be subgroups of LRRK2 PD, Longitudinal trajectories of MoCA scores show slower progression for patients with PD who carry the LRRK2 mutation than for patients with IPD. This included individuals sampled at different time points in the course of the disease. Individuals were followed up between 0 and 6 follow-up visits. Thus, no individual was followed for the full duration described on the x-axis. Spaghetti plots demonstrating the change for individual participants are shown in eFigure 5 in the Supplement.
with some LRRK2 G2019S PD having normal olfaction. 9 The more benign pathologic phenotype also correlates inversely with some of the nonmotor features typically attributed to Lewy body-predominant pathologic findings, including impaired olfaction as well as rapid eye movement sleep behavior disorder, which is a less frequent feature of LRRK2-associated PD. 39-41 However, it is unclear whether the overall milder course represents an average of divergent LRRK2 pathologic findings or less overall synuclein burden.
Limitations
There are limitations to our study. One is that, because we did not have extensive follow-up data, we chose linear models. However, the course of PD may not be not linear, 42, 43 especially during the late stage of the disease. To address whether this choice of model might have affected our interpretation, we performed a sensitivity analysis limited to individuals with a disease duration of 20 years or less (eFigures 3 and 4 in the Supplement), and, as noted, the overall association with UPDRS score was maintained. Spaghetti plots demonstrating individual data are described in eFigure 5 in the Supplement.
Conclusions
Our prospective analysis of a large cohort of patients with PD with and without the LRRK2 G2019S mutation shows slower motor progression in the group with the LRRK2 G2019S mutation. Larger and longer-duration longitudinal studies, including those evaluating pathologic findings and nonmotor features, are warranted. 
